The Voigt profile commonly used in radiative transfer modeling of Earth's and planets' atmospheres for remote sensing/climate modeling produces systematic errors so far not accounted for. Saturated lines are systematically too narrow when calculated from pressure broadening parameters based on the analysis of laboratory data with the Voigt profile. This is caused by line narrowing effects leading to systematically too small fitted broadening parameters when applying the Voigt profile. These effective values are still valid to model non-saturated lines with sufficient accuracy. Saturated lines dominated by the wings of the line profile are sufficiently accurately modeled with a Voigt profile with the correct broadening parameters and are thus systematically too narrow when calculated with the effective values. The systematic error was quantified by mid infrared laboratory spectroscopy of the water ν2 fundamental. Correct Voigt profile based pressure broadening parameters for saturated lines were 3-4% larger than the effective ones in the spectroscopic database. Impacts on remote sensing and climate modeling are expected. Combination of saturated and non-saturated lines in the spectroscopic analysis will quantify line narrowing with unprecedented precision.
Introduction
Clear sky radiative transfer of the Earth's atmosphere from far to near infrared spectral region is used in climate modeling [1] and remote sensing (e.g. [2] [3] [4]) and requires a line-by-line spectroscopic database such as HITRAN [5] or GEISA [6] . The calculation of atmospheric signatures is usually based on the Voigt line profile [7] which is a convolution of Doppler and Lorentz broadening profiles. In laboratory spectroscopy the Voigt profile is also widely used to deduce spectroscopic parameters such as pressure broadened widths and line intensities. The Voigt profile is known to be an approximation disregarding collisional and speed-dependent narrowing effects [8] relevant in certain pressure and temperature regimes. The residuals in Voigt line fitting of laboratory spectra are in case of water (total pressure 200-1000 mbar) ca. ±0.5% of peak absorption for air broadening parameters >0.06 cm -1 /atm, as modelled based on the data set used in this work. These broad lines are strong and dominate the spectra. The residuals get larger in case of narrow, usually weaker, lines with pressure broadening parameters <0.02 cm -1 .
As an example, the largest residuals found in spectra recorded in the DLR spectroscopic laboratory resulting from a Voigt fit of an air-broadened water line are shown in Figure 1 . The typical W-shaped residuals have amplitudes of ±2.5% with respect to the peak absorption. The Voigt fit of an air-broadened line yields a nearly correct line intensity (typical errors ca. 0.5% for strong lines, worst case up to 3%) approximately represented by the area under the non-opaque spectrum. Thus, if such an optically thin line is measured in the atmosphere the number density retrieved using Voigt parameters will be nearly correct. The small line profile differences to the more sophisticated profiles near the line center are furthermore spectrally smeared out by the mostly coarse resolution of remote sensing instruments. Therefore, systematic errors of radiative transfer due to this approximation should be negligible at first glance. Figure 1 . Voigt fit of line showing one of the largest observed W-shaped residuals in our measurements. Experiment described in [9] , measurement details: T 317 K, Ptot 50.43 mbar, PH2O 0.2159 mbar, absorption path 7862.7 cm, maximum optical path difference187.5 cm.
Spectral residuals due to line narrowing have only been observed in up-looking high resolution Fourier-transform observations of HF in solar occultation [10] [11] . In one other case (up-looking observations of H2O) also a non-Voigt profile (Galatry) was used [12] . An improvement in residuals in comparison to the Voigt profile was not observed but the resulting atmospheric trace gas profiles matched better with validation sources. There seems not to have been an urgent need to use more sophisticated line profiles than Voigt for remote sensing. Narrowing parameters are rather rare in literature and no entries are routinely available in HITRAN or GEISA.
In order to introduce the problem addressed in this paper the limitation of line parameters should be illuminated. Line parameters are based on a physical model and thus extrapolation should be feasible. However, any model error will cause systematic errors for extrapolation which are hard to predict. The problem described in the following is associated with extrapolation in optical depth.
Problems with opaque lines
Laboratory high resolution Fourier-transform measurements of the air-broadened water ν2 fundamental band around 7 µm were carried out at DLR. The aim of the work was to provide spectroscopic data with high and defined accuracy. Line intensities have been analyzed [13] and were included in the HITRAN2008 database [5] . Recently, temperature-dependent air broadening parameters were published based on the Voigt profile [9] and were included in HITRAN2012 [15] . Details on the experiment used for line intensity and broadening analysis are given in [9] . Numerous measurements were recorded covering four orders of magnitude in H2O column density. Thus, many transitions occurred in several spectra with optical depth, O, ranging from optically thin to saturated. An example can be seen in Figure 2 . Microwindows in single spectra were fitted applying the Voigt model, resulting in line positions, line intensities, and Lorentz widths for each measurement. Lines with peak optical depth >4 (transmittance <1.8%) were excluded from further analysis because of the high correlation between line intensity and line broadening at high optical depth. Furthermore, optically thick lines show a higher susceptibility of line parameters to systematic errors like detector non-linearity or instrumental line shape errors. It should be noted that omitting opaque lines from the line parameter analysis is a very common procedure. The maximum peak optical depth encountered was about 10000 in case of 200 mbar air-broadened measurements. In a further analysis the spectroscopic parameters from the single measurements were merged, resulting in line positions, pressure-induced shifts with temperature dependence, line intensities and self-and air-broadening parameters with temperature dependence. Several tests were dedicated to the validation of data product accuracy. In one test air broadening parameters merged from different peak optical depth ranges (O<0.5, 0.5<O<4) were compared. On average, the air broadening parameters from lines of higher opacity were larger by 0.57(6)%. Since this difference is rather small it was concluded that there is no optical depth dependence of the air broadening. An important quality check of a new spectroscopic database [9] [13] is to reproduce the measured spectra used in the analysis within the noise level. In a first step this is done only for spectral regions with spectral features used in the analysis. Thus, regions with opaque spectral features are excluded. In order to use these regions for quality check several requirements have to be fulfilled:
• Accurate line intensities and broadening parameters with defined uncertainties (correlation!)
• Good knowledge of 0% and 100% level, e.g. good reference spectra, no channeling, non-linearity correction if necessary
• Good knowledge of instrumental line shape function
• Assessment of self broadening contribution to line width For most of the published spectroscopic work not all of these requirements are fulfilled and thus the opaque spectral regions were not used. In the present case, however, intensities and air broadening parameters with defined uncertainties were available even from the same source and all other points were also taken into account. It must be admitted that it took several iterations including an effective Hamiltonian approach for the line intensities to reach the status to use opaque regions for quality check. There was an additional motivation arising from the statement by S.A. Clough: "valleys between strong lines in IASI spectra are modeled too deep" [16] .
The quality check of optically thin lines mostly shows no residuals. An example is given in Figure 3A . In contrast optically thick lines systematically showed prominent residuals, as can be seen in Figure 3B . The scale of OMC in A was expanded by 2 with respect to B to account for the 50% peak absorption in A vs 100% in B. The detection limit for W-shaped residuals is about 0.5% of the line peak. The residuals can be significantly reduced by fitting the air broadening width as indicated in the red trace in Figure 3B . This was done for several opaque lines and the fitted air broadening width was found to be 3-4% larger when compared to those published in [9] . ) in upper panels. Spectrum modeled using Voigt lineshape with spectroscopic data from [9] [13], lower panels observed-calculated (OMC). A: non-saturated line, OMC shows only noise. B: saturated lines, clearly visible differences from noise (black curve) indicating that the spectroscopic data are not appropriate in this case. The residuals can be significantly reduced by fitting the air broadening width (red curve).
Explanation
The reason for the residuals of saturated lines as shown in Figure 3 was found to be an undiscovered error propagation associated with the Voigt lineshape. An optical depth dependent error in combination with line parameters and their associated models was to our knowledge never considered. Therefore the extrapolation regarding optical depth was ignored.
It is useful to recall the dependence of transmittance and optical depth on line parameters. Transmittance spectra and optical depth are linked by the following equation (1) with transmittance τ, optical depth O, absorption cross section α, temperature T, pressure P, wavenumber σ, absorption path l, number density of absorbing gas N. k is the index of different gases in the mixture, e.g. PH2O and Pair. The terms "saturated", "large optical depth", and "optically thick" are equivalent and refer to the line center. There is no clear definition for the usage of these terms, however, in the present paper optical depth >4 qualifies as saturated. The absorption cross section can be expressed in terms of line parameters.
with monochromatic line profile f, e.g. the Voigt profile, line index i, line position σ0, line intensity S, pressure-induced line shift σs, pressure broadening parameter γ, temperature exponent n, and further parameters, e.g. narrowing parameter, temperature dependence of pressure-induced line shift. Line parameters currently in the HITRAN database [5] are σ0, S(296 K), γair(296 K), γself(296 K), σs,air(296 K), nair, and the lower state energy Elower needed to convert the line intensity from 296 K to the desired temperature T. Total internal partition sums which are also required for line intensity conversion are given on an isotopologue basis.
The essential point is the non-linear transformation of the line profile by the exponential function. In the optically thin case the exponential function can be expanded in a power series truncated after the linear term. Thus, the transmittance line profile is can be approximated by the optical depth line profile. The optical depth line profile only scales with column density Nl but does not change the shape. The transmittance line profile, however, changes markedly for increasing peak optical depth. With increasing peak optical depth the region close to line center with transmittance values close to zero becomes wider. Thus, the central part of the line profile function is masked out. This can be quantified by the derivative of the transmittance with respect to optical depth (dτ/dO)(σ-σ0) as function of the distance to the line center σ-σ0. The maximum is at O=1, close to the distance to line center for 50% of peak absorption, σabs50%-σ0. . With increasing peak optical depth the masked out region close to the line center grows. For a peak optical depth of 800 or 4500 the maximum contribution is at 2 and 5.5 cm -1 , respectively, which is in the far line wing -25 and 70 HWHMs away from line center. In Figure 5 σabs50%-σ0 is plotted vs. the peak optical depth. The maximum peak optical depth in Figure 5 is ca. 10 6 corresponding to the optical depth for the strongest H2O ν2 line (S=3.2×10 -19 cm -1 /(molecule cm -2 )) for an airmass 2 atmospheric water column (AFGL tropical [14] ). The corresponding distance is about 100 cm -1 which is far beyond the 25 cm -1 cut-off used for continuum determination [17] . In this extreme far wing situation the value of the Lorentz profile is only 10 -6 of its maximum.
These considerations have two consequences:
1. Model errors in the line profile will propagate differently for opaque and optically thin lines since different parts of the line profile are important.
2. Optical depth can be used to focus on a certain section of the line profile and to mask out the center part. Thus, opaque lines are excellent for investigating line wing effects.
Using pressure broadening data retrieved from lines with peak optical depth <4 for peak optical depth >4 is an extrapolation with potential errors if the line model is not sufficiently accurate. A distinct error of the Voigt profile is neglecting effects as Dicke [18] and speed-dependent [19] [20] narrowing. Figure 6 shows the ratio of a SDVP using the quadratic model for speed dependence of collisional width [21] and a Voigt profile, calculated with the
same air broadening parameter. It can be seen that the profiles are different in the line center but agree in the line wings. Thus, for sufficiently opaque lines (O>4), masking out the line center, the effect of narrowing is not relevant. Thus, opaque lines can be approximated by a pure Lorentzian profile. A problem occurs when the Lorentzian width is obtained by an effective Voigt fit of non-opaque narrowed lines. In this case the narrowing leads to a systematically too small Lorentzian width which is also too small for opaque lines which require the correct Lorentzian width. . Black: peak optical depth 800, red: peak optical depth 4500. Figure 7 shows a SDVP and Voigt profile calculated for the same line position, intensity, and air broadening parameter in case of a non-saturated (A) and a saturated (B) line. The SDVP was modeled with a typical narrowing parameter. Whereas the differences in the non-saturated case are significant (peak-to-peak 6% of peak absorption) they are small for the saturated case. Figure  7C ,D shows an effective Voigt fit of the same speed-dependent Voigt lines. Case C corresponds to the typical laboratory spectroscopy approach fitting non-opaque lines with narrowing using a Voigt profile while case D corresponds to the fit producing the red residuals in Figure 3B . In the non-saturated case the OMC drop by a factor 3 when compared to the difference in Fig. 7A and show the typical M-shape (W-shape in absorption) of an effective Voigt fit. The residuals are so small that they vanish in the noise in case of the experimental spectrum in Fig. 3A . The line narrowing in the speed-dependent Voigt causes the fitted effective Voigt profile based air broadening parameter to be decreased by 4.5%. In case of the saturated line (D) the fitted air broadening parameter is only decreased by 0.6% and the residuals are small. The chosen case had a moderate optical depth and thus the line center is not completely masked out. Increasing optical depth would further decrease residuals and yield a better agreement for the fitted air broadening parameter in case D. Case E shows the problems visible in Figure 3B Although air broadening parameters derived from non-saturated lines are systematically a few percent too low the spectroscopic database reproduces the measured spectrum well (beside small M-shaped residuals mostly buried in the noise). The fitted Voigt air broadening parameters are thus effective values. In case both, laboratory and remote sensing measurements, are based on optically thin lines only, no error in the retrieved atmospheric parameter occurs.
Proof
In the first step two measurements were selected with different water pressures but same total pressure. In the original analysis [9] [13] line intensity, Lorentzian linewidth and line position were fitted for most transitions. Only results for lines with peak optical depth <4 were used in the original analysis to yield averaged line intensities and air broadening parameters γair,orig. In the present analysis, line intensities were fixed to the results of the first analysis and Lorentzian linewidths (converted to air broadening parameter γair,new) and line positions were fitted for lines with optical depth >0.5. Self broadening parameters from HITRAN 2008 were applied. As expected, residuals such as seen in Fig. 3B disappeared. Figure 8 shows two examples of microwindows with opaque lines. Indeed, the Lorentzian function is sufficient to fit these lines with residuals being smaller than the noise level. Optical depths up to 500 were covered. The part of the line profile with largest dτ/dO (see Figures 4 and 5) is at a distance of about 26 HWHM from the line center where the intensity of the Lorentz function drops to 0.2% from the maximum. Thus, these strong lines can be sufficiently represented by the Lorentz profile even so far away from the line center. Percentage differences (γair,orig-γair,new)/γair,orig as function of optical depth for one measurement as example are shown in Fig. 9 . For optical depth >4 the difference is nearly constant with values between -3 and -4%. The plot shows that a systematic difference also occurs for optical depths <4 which smoothly changes from -3.5% to +1% for optical depth 0. The original values were determined as weighted mean from lines with optical depths <4 [9] . Since systematic errors differ in the optical depth range from 0 to 4 the average optical depth is linked to the systematic error in the original values. The scatter in Fig. 9 is partly caused by different mean optical depths for different lines. Apparently the average optical depth for all lines in Fig. 9  is on the order of 1 where (γair,orig-γair,new) /γair,orig is 0. This explains the value of +1% for O=0. If the average optical depth in the laboratory work had been close to 0 the entire curve in Fig. 9 should be shifted down by 1%.
The analyses of other measurements except those at 50 mbar total pressure yield similar results. In case of a 50 mbar measurement the differences are +2% at 0 optical depth instead of +1%. 50 mbar measurements were excluded in the original analysis [9] since they showed systematic errors due to line narrowing when compared to measurements at higher pressure. This shows again that systematic errors due to non-Voigt profiles are to lower extent also present among non-saturated lines and that they are more prominent at lower total pressure. The Lorentz broadening parameters obtained here are close to the speed-independent part of the air broadening of the SDVP while those in the spectroscopic databases obtained from Voigt fits of non-saturated lines are effective parameters compensating for narrowing.
The contribution of self broadening to the Lorentzian linewidth is significant since the investigated saturated lines are present in measurements with higher water pressure. For example the estimated contribution of self broadening to the Lorentzian linewidth is ca. 15% for 2.5 mbar water in 200 mbar air. Since self broadening data from the HITRAN database were used in the analysis, it needs to be shown that the results in Fig. 9 are not caused by systematic errors in the self broadening parameters. The agreement of the results deduced from spectra recorded with 2.5 and 5 mbar H2O, respectively, in 200 mbar air indicates the absence of systematic errors due to self broadening since the influence of self broadening differs by a factor 2. In Section 2 it was mentioned that in [9] air broadening parameters obtained from lines with 0.5<O<4 were ca. 0.6% larger than those obtained from lines with O<0.5. The 0.6% are rather small but still systematic and can now be understood. Again, this shows that lines with smaller optical depth dominate the 0.5<O<4 region. Optical depth Figure 9 . Differences (γair,orig-γair,new)/γair,orig vs. peak optical depth. Data were available up to optical depth 500, showing differences similar to data between peak optical depths 4 and 10. Only data were displayed with statistical uncertainties <1% in γair,orig and γair,new. Experimental conditions see Fig. 3 .
In order to prove that line narrowing indeed causes the difference in original and new pressure broadening parameters the following procedure was carried out. A SDVP [21] was applied to non-saturated lines (measurements selected with 12.5 and 28 times less H2O column) to fit line positions, line intensities, and line narrowing, γ2 air, with the air broadening parameter fixed to the γair,new values Figure 9 is based on. The precision of the narrowing linewidth was impressive compared to the usual method using the sparse information in the W-shaped residuals. It should be noted that in the line fitting the w-shaped residuals were small and sometimes buried in the noise. Commonly in the literature Lorentzian linewidth and narrowing linewidth are fitted together for non-saturated lines requiring large signal-to-noise ratio and high spectral resolution [22] [23] [24] [25] . In the present case the Lorentzian linewidth is obtained from an independent source, i.e. saturated lines. The residuals of the fits show only noise indicating the validity of the selected line profile function. An example is given in Figure 10 . Figure 10A shows the residuals in case γair,new was used and only baseline, line intensity and position are fitted. This corresponds to Figure 7A . To use γair from a fit of opaque lines and fix it in a fit of non-opaque lines is the opposite of the usual laboratory approach. While in the usual laboratory approach large residuals appear in case of opaque lines (see Figures 3B and 7E , experimental lines broader) here large residuals appear for the non-opaque lines (experimental lines narrower). In Figure 10B an effective Voigt fit was carried out, i.e. γair was fitted as well. While the left line shows distinct M-shaped residuals the right line shows residuals on the order of the noise. The right line is broader and the ratio of γ2 air and γair is much smaller (see arrows in Figure 11 ). This ratio appears to be linked to the magnitude of the residuals. Figure 10C shows the result of fitting γ2 air while fixing the Lorentz broadening to γair,new. The residuals being noise proves that the speed-dependent Voigt removes the error of too narrow modelled Voigt lines when extrapolating in optical depth space. Figure 11 shows the fitted narrowing parameters vs. the air broadening parameter for two measurements. The error bars shown in the figure are 1σ uncertainties of the line fitting. The narrowing parameters deduced from both measurements agree mostly within 2σ. There is a clear correlation between γ2 air and γair with γ2 air being smaller by a factor 4 to 7. An alternative way to prove that narrowing (Dicke or speed-dependence) together with Voigt fitting of non-opaque lines is causing saturated lines to be modelled too narrow would be a multispectrum fit of optically thin and saturated lines together, applying a narrowing profile. In case residuals which are present for a Voigt fit vanish for the narrowing profile the proof is given. At the time of this investigation the DLR multispectrum fitting tool was not yet ready and thus another route was taken. To our knowledge none of the groups routinely using multispectrum fitting has stumbled over the problem of opaque lines represented by effective Lorentz broadening. Furthermore they were apparently not aware of the advantage in combining non-opaque and opaque lines in order to gain sensitivity for determining narrowing parameters.
Impact
The present investigation is limited to parts of the ν2 fundamental of water. Furthermore, narrowing data in the literature are rather rare. Thus, the impact on other molecules or spectral regions is unknown. The findings in the present paper have importance for the following areas:
Remote sensing. Strong lines in atmospheric spectra are modeled systematically too narrow when using a spectroscopic database derived applying the Voigt profile. Thus, systematic errors in the retrieved profiles are likely, especially in case of NADIR instruments like IASI [26] requiring strong lines for temperature sounding. Indeed, valleys between strong lines in IASI spectra are modeled too deep [16] .
Laboratory spectroscopy. In order to provide correct spectroscopic data it is important to measure collisional narrowing parameters with an appropriate line profile. So far these data are rather sparse in the literature. The new results presented in this paper allow an effective way of determining collisional narrowing by multispectrum fitting of saturated and non-saturated lines simultaneously. Theoreticians should be aware when comparing models to experimental values that the Voigt parameters in literature are systematically too small when ignoring narrowing.
Climate modeling. Top of the atmosphere radiative fluxes and CO2 radiative forcing are dependent on the spectroscopic databases. Kratz [27] has calculated that radiative forcing by simultaneous doubling of CO2, CH4, and N2O (taken from Table 6 . Assuming all opaque lines to become 3.5% broader, corresponding to our findings, the forcing by simultaneous doubling of CO2, CH4, and N2O would be increased by 3%. These numbers indicate that the systematic linewidth error may be of significance.
Continua.
In the experimental determination of continua the difference of a measured and modelled spectrum is formed where the modelling is usually based on the Voigt profile [17] [29]. The systematic error of saturated lines being modelled too narrow may distort the resulting continuum. For investigation spectra were modelled for conditions as used by Paynter et al. [29] to determine the foreign continuum in the ν2 region. Two spectra were modelled with HITRAN2012 line parameters where for one of them air broadening parameters were increased by 3.5% for lines with optical depth >4. Pseudo continuum absorption cross sections were calculated from the ratio of the transmittances quantifying the influence of the spectroscopic parameter change on the continuum for this specific measurement scenario. This error spectrum shows a spectral shape different from the continuum and maximum values of about 10% of the continuum. Increasing the air broadening parameter of all lines yields a very similar error spectrum which is expected since errors in weaker lines have less impact on the continuum. Regarding the uncertainty in the continuum (see error bars in Figure 15 in [29] ) the resulting 10% systematic error is small. Anyhow, in order to avoid this systematic error contribution continuum calculations should be carried out with a SDVP.
The effect of too narrow opaque lines on water vapor foreign continuum retrieval between 1200 and 1800 cm -1 was simulated with conditions taken from [29] . The maximum error was found to be >10% for 3.5% Lorentz width decrease. The effect on other continua cannot be quantified now due to the lack of data. Anyhow it is desirable to derive continua with the proper line profile.
Conclusion
The present investigation has shown that line narrowing is the cause of systematic errors between measured and calculated saturated lines observed when the spectroscopic database is based on the Voigt line profile. The problem was discovered in air broadened measurements of the H2O ν2 fundamental. Opaque lines can be fitted with the Lorenz function down to the noise level when the line intensity is fixed in the fit. The values are about 3-4% larger than the effective broadening parameters which are in the spectroscopic databases obtained from non-opaque lines. The problem arising from the Voigt function is avoided by using a line profile covering narrowing effects which in turn requires the availability of narrowing parameters together with their temperature dependence. The combination of saturated and non-saturated measurements provides a very sensitive method for determining narrowing parameters avoiding the need for high signal-to-noise measurements. Furthermore, opaque lines are suited for line shape investigations. The results of the present work have impact on remote sensing and possibly climate modelling.
In order to avoid the systematic error presented here narrowing parameters must be determined for key atmospheric species and entered into spectroscopic databases. Remote sensing groups should use narrowing profiles (equivalent to that for laboratory analysis) and redo analysis.
